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SUMUART 

Object . - To investigate thn possibility of using internal 
c ooling Inst ead of fuel enrichront to suppress knock and to esti- 
mate the savings in fuel that vlll result therefrom. 

Scopo . - Knock-limit fid data from tho following four sources 
were anilyzedt (1) an unpublished. NACA paper on internal cooling 
by ammonjujB hyrtroxidej (2) an NACA rtiport on vrater as the Inttrnal 
coolant; (3) unpuljlished NACA data on use of mixtures of 70 per- 
cent by voluDio methyl alcohol and 30 percent water and 80 percent 
by volume ethyl alcohol and 20 percent water as coolants; rind 
(4) a p-iper from the Amy Air Forces, Materiel Command, on water 
as the coolant. All MCA tests were made at various power levels 
on a fltight 1320 G200 cylinder , Tests by the Amy Air Forces were 
made on a Pratt & »?hitnery R- 1830-2? raultioy Under engine; the data 
analyzed in the present report wero obtained at 0,437 and 0,491 brake 
horsepower per cubic inch. 

In the analysis presented herein, it is assumed that the fuel- 
air ratio, when internal coolants were used, was held constant at 
0.060 and 0.070 and, when internal coolants were not used, the fuel- 
air ratio was Increased beyond those values as required to suppress 
knock. 

Summary of results . - The results of the data and their anal- 
ysis show ttiatt 

1. When an engine power was used that required a fuel-air 
ratio of 0,085 for knock suppression, 26 percent of the gasoline 
was saved by leaning the fuel-air mixture to 0,06 and. by sup- 
pressing knock with water injection. 
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2, Hhoa water was used as the Internal coolant^ the total 
liquid consumption iras apprcxlinately equal to the gasoline con- 
sumpticn when gasoline enrichment was used to suppress knock. 

3, AiGmonixiB hydroxide made possible a fuel saving of 21.1 per- 
cent with a slight increase in total weight of liquid consumed. 

4, iQjctures of methyl and ethyl alcohol with water were unable 
to {suppress knock with axiy fuel saving except at high-power opera- 
tion, 

^. VRien internal cooling was used to suppress knock, engine 
temperatures, excopt for the temperature of the exhaust-valve guide, 
were lower than when gasoline alone was used. 

Conclusion . - The use of water as an internal coolant to sup- 
press knock instead of f\iol enrichment should permit considerable 
savings in gasoline when the water is used continuous!ly at engine 
cruising powers normally requiring considerable fuel enrichment for 
knock suiiprcssion. 



raTRODUCTiaN 

Internal cooljjig of aircraft engines may be considered for 
three different usjcs: 

1. Increase in pcwer 

2. Saving in fuel 

3. Saving in total liquid consiuaption 

Each of thtS'i ob.ljctivc? may bo sought in itself fcy disregarding 
changr:s in the other two or it may be sought in combination with 
one or both of the others in an effort to balance advantages against 
disadvantages. The most outstanding advantage of internal cooling 
is the great Increase in knock-limited or cooling-limited power 
made possible by its use. 

Particularly pertinent where gasoline shortages exist because 
of cut-of-the--A-ay destinations of transport airplanes or because of 
pJr routes requiring transportation by air of the yasoline used is 
the possibility of savings in gasoline that may result from the use 
of Internal cooling rather than fuel enrichment to suppress knock 
when cruising at high power output. In this case water would be the 
most efficient Internal coolant if freezing temperatures were not 
encountered in the internal-coolant system. Temperatures below 
freezing would necessitate oither the addition of a freezing-point 
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depressant or the use of a lagged or heated water system. Special 
casen andrequlrements will determine which of these methods Is 
most advantageous, flbter is obtainable nearly everywhere)- whereas 
the use of other internal coolants, such £is ammonium hydroxide or 
alcohol-water mixtures, would require another item to be carried 
and mixed with the water. 

This paper is an endeavor to indicate to what extent contin- 
uous use of internal cooling in an aircraft engine operating at hl^ 
cruising powers, which normally require fuel enrichment to suppress 
knock, is possible and profitable on the basis of fuel savings. 
Single-cylinder and raulticylijnder data already in existence were 
obtained from the NACA laboratories and from the Array Air Forces, 
Materiel Command. References 1 to 3 contain additional pertinent 
data on the general subject of Internal coolants. 

Four Internal coolants are considered: ammonium hydroxide, 
water, a mixture of 70 percent bf volume methyl alcohol and 30 per- 
cent water, and a mixture of 60 percent by volume ethyl alcohol and 
20 percent water. The data were takon \inder conditions different 
from those used In practice, but the value of using internal cooling 
at actual cruising conditions was determined by comparison. The 
amount of fuel used at the fuel-aij ratio required without internal 
coolant to reach a given knock- limited power level was compared 
with the amount of internal coolant required to reach the same knock- 
limited power level with the fuel-air ratio maintained at 0.060 or 
0.070. 



AMf!ONIUW HYDROXIDE 

Unpublished data for the anmionluin-hydraxlde internal coolant 
were obtained at Langley Memorial Aeronautical Laboratory. The 
tests were run on a Wright 1820 0200 cylinder at an engine speed of 
2^00 rpm, a coolinf^air pressure drop of 20 inches of water, and a 
compression ratio of 7*0. Arny 10i>-octane aviation gasoline was 
used. 

Data from curves of indicated specific fuel consumption against 
fuel-air ratio obtainod in these tests have been replotted in fig- 
ure 1 to show the effect of liquid-air ratio on indicated specific 
liquid consumption. Three separate curves were plotted, one of 
which shore liquid consumption when only gasoline was used and the 
other two show liquid consumption when the fuel-air ratio was held 
constant, first at 0,060 and then at 0.070, and ammonium hydroxide 
was added to suppress knock as the power was increased. These data 
show that, when the fucl-air ratio was kept at 0,060 and the coolant 
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was added, the indicated specific liquid consumption exceeded that 
for fuel alone until a llquid-alr ratio of about 0.102 nas reached, 
at -which point the curves cross, Tlhen the fuel-air ratio was held 
at 0.070., the total indicated specific liquid consuniptian rose more 
sloirly when coolant was added than it did when orOy fuel was used. 

Unpublished NAOA graphs, showing the effect of fuel-air ratio 
on knock-] inited indicated mean effective pressure with and without 
aiicfloniumr-hydroxide internal cooling, were cross-plotted in order 
that knock-limited indicated horsepower per cubic inch could be 
plottt-d agaljist liquid-air ratio. A curve of knock-limited indicated 
specific horsepower against liquid-air ratio was made for fuel alone. 
(SoG curve A, fig. 1.) The foregoing data were cross-plotted in two 
more curves, in one of which a constant fuel-air ratio of O.O6O was 
assumed with coolant added to suppress knock for liquid-air ratios 
in excess of 0,060 (curve B, fig. 1) and the other, a constant fut-1- 
air ratio of O.O70 vfith coolant added to suppress knock for liquid- 
air ratios in excess of O.O7O (curve C, fig. 1). 

If a cruising power of O.6O indicated horsepower per cubic inch 
is assumed, tha values shotm in section 1 of table 1 are obtained 
from figure 1. Figure 2 was drawn in order to compare fuel and liq- 
ulfi consumption with internal-coolant requirements for flights of 
various durations at cruising power. 



WATER 

Thi; data on single-cylinder engine performance with water as 
an intij^nai coolant wtro obtained from reference 1, Graphs similar 
to those described for ammonium hydroxide wore plotted in figures 3 
and 4. At a fuel-air ratio of O.O6O the sa"7ing araountod to about 
0.130 pound of gasoline per horsepoiver-hour at 0,60 indicated horse- 
power pfir cubic inch, and the wator added as coolant Just equaled 
thf- futl savtid. The data from figure 3 at this specific power out- 
put arc -p-ven in section 2 of tabic 1, 

These -.TatRr tests were nade at an engine speed of 2000 rpm 
instead of 2=^00 rpm, the speed used in the ammonium-hydroxide exper- 
irients. It Is p'erhaps inaccurate, therefore, to compare the results 
too clcsely. The differences in coolini-^-air pressure drop will 
affect thf; r*.'sults to some extent and, because the S."? inches of 
water 'i5c*i in the wator tests is closer to general flight practice 
thun 2u inchei,' of v:ater, the knock limitc shown by the ammonium- 
hydroxide tupts mifrht be somewhat high. The compression ratio in 
theee sinyle-cy Under tests was 7.0. 
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Data obtained from the Amy Air Forces, Materiel Command, on 

a full-scale Pratt & Hhitney R-103O-27 engine at an engine speed 
pf 24SiO jpoi. could, not - be. cross-plotted in- the same manner as the 
single-cylinder data. Single points irare found, however, at which 
the engine conditions approximated those desired and it was possible 
to compare the fuel consumption and the Internal-coolant consumption 
of the Tnulticyli.ndCT tests (sections 3 and 4 of table 1) with the 
data from the single-cylinder tests (section 2 of table 1) . At a 
fucl-^lr ratio of O.07O and an engine poirer of 900 brake horsepower, 
the data show the gasoline consumption with internal cooling to be 
0.17^ pound pel' brake horsepower-hour less than the amount of gaso- 
line consumed without the coolant. ' (See section 4 of table 1.) 
IThon no internal coolant was used, a fuel-air ratio of 0.094 was 
required to suppress knock at 900 brake horsepower* 

The engine in these tests was operated at a compression ratio 
of 8,0, which is higher than that used In service. This high com- 
pression ratio probably makes the internal cooling show up more 
favorably, but the results are similar to those for the single- 
cylinder tests at a compression ratio of 7.0, In these multicylinder- 
engine tests the inlet-air teraperatiire was 100° F and the spark 
advance, 2?° B.T.C. Arny 100- octane aviation gasoline was used. 



METH3fL AMD ETHTL ALCOHOLS 

The information on mixtures of both ethyl and methyl alcohol 
and water was obtained from unimbl3she-d NACA data. These tests 
were run on a %-ight 1820 Q200 cylinder. The data taken at an 
engine speed of 2^00 rpm with a cooling-air pressure drop of 20nchss 
of water were cross-plotted for both alcohols, whereas the data 
taken at an engine speed of 1830 rpm with a cooling-air pressure 
drop of 10 inches of water were cross-plotted for only methyl alco- 
hol. The conp?esslon ratio was 7.0 and the fuel used was Army 
100-octane aviation gasoline. 

Curves for the alcohols similar to those plotted for aimnonium 
hydroxide (figs. 1 and 2) and for water (figs. 3 and 4) are shonn 
in figures !? to 9. Knock-limited or engine-tenperature^llmited 
indicated horsepower per cubic inch and specific liquid consumptlan 
were plotted against liquid-air ratio in figures ^, 7, and 9, which 
indicate that only small increases in power resulted from alcohol- 
wati-r injection until liquid-air ratios. of 0,11 or greatei' were 
reached. At a fuel-air ratio of O.O6O with othyl alcohol used as 
the internal coolant, knock-limited power of 0,60 indicated horse- 
power per cubic inch was not obtained; for this reason figure 6 is 
based on a fuel-air ratio of O.O7O. Figures ^ to 9 also show that. 
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in the lov/-povrar' regions from O.U^ to about 0,70 horsepoiver per 
cubic inch, a small povrer increment called for a relatively large 
increase in internal coolant and, over a period of time, the total 
'.veight increase over the vreight of gasoline alone was considerable. 

The performance- ciirves for the mixture of methyl alcohol and 
\vater (figs. S and 6) -were not all based on knock-limited power and, 
because part of the data was temperature-limited, it seemed best- to 
obtain more data fc-om curves that vrere closer to being completely 
knock-limited. All the desired points on curves obtained at an 
engine speed of I85O rpm ^vere knock-limited and ivsre cross-plotted 
(fig, 9) in addition to the data obtained at an engine speed of 
2500 rpm (fig. 5). The curves in figure 9 show no advantages over 
the data at an engine speed of 2?00 rpm either on a power or on a 
liquid-consumption basis and proved only that the performance char- 
acteristics followed the same trends shown in figure 5. 

Tho data from figures ^ and 7 are summarized, in section ^ of 
table 1. Because alcohols burn, calculations v/ere made in ivhich 
the alcohols vrere considered as fuels . The specific fuel consump- 
tion v/as increased by the weight of alcohol in the internal coolant. 
\?hen a mixture of 70 percent by volvime methyl alcohol and 30 per- 
cent by volume water was used, the total fuel consumption increased 
to O0U37 pound per indicated horsepower-hour; when 80 percent by 
volume ethyl alcohol and 20 percent by volume water Tjere used, the 
total fuel consumption increased to 0,^21 pound per indicated 
horsepov/er-hour, . 

The data in section ^ of table 1 indicate that alcohol ivould 
be impractical as in internal coolant for continuous use at lov/ 
povrar. It is more efficient at high power than at low povfer but 
still cannot equal the low fuel and liquid consumption resulting 
from the use of vjater or ammonium hydroxide. 

REPRESEMTATIVE ENGIl® TEMPEELITURES 

■V?hen vjater and ammonium hydroxide vrere used as internal cool- 
ants in a Wright I82O G200 cylinder, the temperature of the exhaust- 
valve guide was appreciably higher at high power than it was v;hen 
only gasoline vas used. Figure 10 shov/s variations of represent- 
ative engine temperatures with liquid-air ratio v/hen ammonium hydrox- 
ide -vsas used as an internal coolant. The cylinder-barrel and the 
spark-pliig temperatures rose but a fev/ degrees and reached a max- 
imum at liquid-air ratios between 0.08^ and 0.09^o The temperat\u:e 
of the exhaust-valve guide reached a maximum at a liquid-air ratio 
of about 0.070 vAien internal cooling was accomplished vfith gasoline 
but rose steadily vri.th liquid-air ratio \*ien aimaonium hydroxide was 
injected with the fuel. 
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vtien viater Y.as used as. an internal coolant (■fig. ll)^ nearly 
the same trends appeared as -with the airmonium hydroxide. The exhaust 
valve guide v^as again the -danger spot and might require special 
cooling if high-power operation -vvere to be prolonged. Mixt\jres of 
methyl alcohol and v.-ater showed trends (fig. 12) similar to those 
occurring -v/hen only -water iNas used (fig. 11). 

Figure IJ presents the , results obtained when a mixture of ethyl 
alcohol and vater was injected into the inlet air. Trends, are dif- 
ferent from those in figures 10, 11, and 12, The temperature of the 
exhaust-valve guide dropped after a liquid-air ratio of 0.080 was 
reached. 



SmmSJ OF RESULTS 

The data taken from tests of ^^vater internal cooling indicated 
that, at engine powers which required fliel-air 'ratios from 0.08 to 
0.09/ to suppress knock, 20 percent or more of the gasoline vjas saved 
when the fi2el-air mixture vras leaned to 0.06 and when knock v;as sup- 
pressed by vrater infection. In this case the total liquid consump-r 
tion was little, if any, greater than -nhen operating with gasoline 
alone at fuel-air ratios of 0.08 to 0.09. 

The greatest fuel saving at 0.60 indicated horsepower per cubic 
inch vjas fotind to be possible Y/hen y/ater was used as the coolant. 
The ammonium hydroxide ranked very close to v/ater in regard to fuel 
economy, but mixtures of water and methyl or ethyl alcohol were 
unable to suppress knock with any fuel saving except at high-power 
operation. 

T,i?hen each of the four internal coolants was used and. the knock- 
limited power Mas held constant, engine temperatures with the excep- 
tion of the temperature of the exhaust-valve guide vieve lovrer than 
when gasoline alone ims used to suppress knock. 



CONCLUSION 

The use of vrater as an internal coolant to suppress knock 
instead of fuel enrichment should permit considerable savings in 
gasoline v/hen the ivater is used continuously at engine cruising 
povrers normally requiring considerable fuel enrichment for knock 
suppression. 

Aircraft Engine Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio.. 
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TABLE 1 

ENGINE PERFORMANCE WITH AND VITHOUT INTERNAL COOLINQ AT HIGH CRUISING POWER 



See- 

tlox 


Mixture 


Specific 
gasoline 
consump- 
tion 

(Ib^p-hr) 


Specific 
coolant 
consiunp- 
tlon 

(IbAp-hr) 


Specific 

liquid 
consump- 
tion 

(Ib/hp-hr) 


Fuel-air ratio 


Saving i 
(Ib/hi 


.n fuel 
>-hp) 


Saving In fuel 
( percent ) 


Oasollne 
only 


Gasoline 

plus 

alcohol 


Gasoline 
only 


Gasoline 

plus 

alcohol 


Gasoline 
only 


Gasoline 

plus 

alcohol 


WAC 1820 0200 single cylinder at 0.60 ihp/eu In." 


1 


Oasollne only 
Gaaollne plua 
ammonium 

hydroxide 


0.475 
.375 


0 

.120 


0.475 
.495 


0.080 
.060 














0.100 




21.1 










2 


Oaaoline only 
Oasollne plus 
water 


0.495 
i365 


0 

.130 


0.495 
.495 


0.086 
.060 














0.130 




26.2 












P. k W. R>ie30-27 multl6yllnder engine at BOO bhp; 0.437 bhp/cu 


In.^.; water-fuel rsitlo, 0.3 


3 


Oasollne only 
Gaaollne plus 
water 


0.590 
.432 


0 

,130 


0.590 
.562 


0.088 
.061 














0.158 




26.8 










P. ie W. R-1830-27 multloyllnder engine at 900 bhp; 0.491 bhp/ou In.^; water-fuel ratio, 0.3 


4 


Gasoline only 
Gasoline plus 
water 


0.635 
.460 


0 

.135 


0.635 
.595 


0.094 
.070 














0.175 




27.6 










WAC 1820 0200 single cylinder at 0.60 Ihp/cu In.* 


5 


Gaaollne only 
Oasollne plus 

methyl alcohol 

In wataro 
Gasoline plua 

ethyl alcohol 

In water* 


0.394 
C.332 

c,386 


0 

.168 
.184 


0.394 
.500 

.570 


0.073 
.060 

.070 












0.079 
.095 


0.062 
.008 


-0.043 
-.127 


15.7 
2.0 


-10.9 
-32.2 



*A11 data on Indicated basis. 
^All data on bralre basis. 

^Because the alcohola tested are fuels, the total fuel consumption was 0.437 pound per indicated horsepower- 
hour with the mixture of methyl alcohol and water and 0.521 pound per Indicated horsepower-hour with the 
mixture of ethyl alcohol and water. NATIONAL ADVISORY 

^70 percent methyl alcohol by volume : 62.5 percent by weight. COMMITTEE FOR AERONAUTICS 

*80 percent ethyl alcohol by volume = 73.5 percent by weight. 
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Fig. I 
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.08 .09 

Llquld-alr ratio 
Figure 1. - Engine performance permitted with use of ammonium 

hydroxide as an Internal coolant. Fuel, Army 100-octane aviation 
gasoline; Wright 1620 &200 cylinder; compression ratio, 7*0; 
spark advance, 20° B.T.C.; inlet-air temperatiu*e, 250^ F; coollng- 
alr upstream temperature, 125® F. (cross plot of curves from 
unpublished NACA data.) 
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■ 1 2 

Time of flight, hr ' 
Figure 2. - Fuel and liquid consumption permitted with use of ammonium hydroxide as an 

Internal coolant. Fuel, Army lOO-octane aviation gasoline; Wright 1820 CI200 cylinder; 

compression ratio, 7.0; spark advance, 20<* B.T.C.; Inlet-alr temperature, 2500 P; 

eoollng>alr upstream temperature. 125° F. (From unpublished NACA data.) 



HACA ARR Ko. EHHI5 



Fig. 3 
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Llquld-alr ratio 

Figure 3. - Engine performance permitted with use of water as an 
Internal coolant. Fuel, AFD-2g (knock rating, Isooctane plus 1.06 
milliliters of tetraethyl lead by CFR Aviation Method); Wright 
1820 a200 cylinder; compression ratio, 7.O; spark advance, 20 
B.T.C.; miet-alr temperature, 250° F. (From fig. 1, reference 1.) 
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Figure 4^. - Fuel and liquid consumption permitted with use of water as an Internal coolant. 
Fuel, AFD-28 (knock rating, isooctane plus 1.06 milliliters of tetraethy lead by CFR 
Aviation Method); Wright 1820 G200 cylinder; compression ratio, 7.0; spark advance, 20** 
B.T.C.; Inlet-aiir temperature, 250° F. (From fig. 1, reference 1.) 
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Liquid-air ratio 

Figure 5. - Engine performance permitted with a mixture or 70 per- 
cent by volume methyl alcohol and 30 percent by volume water as an 
coolant. Fuel, Army 100-octane aviation gasoline: Wright 
1620 0200 cylinder; compression ratio, 7.0; spark advance, 20«» 
B.T.C; Inlet-air temperature, 250** F; cooling-air upstream 
temperature, 125" F. (From unpublished NACA data.) 
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Figure 6. - Fuel and liquid conaumptlon pernitted with a mixture of 70 percent by roluae 
methyl alcohol and 30 percent by volume water aa an internal coolant. Fuel. Army 100- 
ootane aviation gasoline; Wright 1220 0200 cylinder; coopreBSion ratio, 7*0; spark 
advance, 20° B.T.C. ; inlet-air temperature, 2^00 F; cooling-air upstream temperature, 

. 1250 F. (From unpublished NACA data. ) 
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Figure 7. - Engine performance permitted with a mixture of 80 per- 
cent by volume ethyl alcohol and 20 percent by volume water as an 
Internal coolant. Fuel, Army 100-octane aviation gasoline; Wright 
1820 0200 cylinder; compression ratio, 7.0; spark advance, 20° 
B.T.C.; inlet-air temperature, 2^0° F; oooling-alr upstream 
temperature, 12$° F. (From unpublished NACA data.) 
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Figure 6. - Fuel and liquid consumption permitted with a mixture of 80 percent by volume 
ethyl alcohol and 20 percent by volume water as an Internal coolant. Fuel, Army 100- 
oetane aviation gasoline; Wright 1820 0200 cylinder; compression ratio, 7*0; spark 
advance, 20° B.T.C. ; inlet-air temperature, 250° F; cooling-air upstream temperature, 
1250 F. (From unpublished NACA data.) 
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Llquld-adr ratio 

Plgxjre 9. - Engine performance permitted with a mixture of 70 per- 
cent by volume methyl alcohol and 30 percent by volume water as an 
Internal coolant. Fuel, Army 100-octane aviation gasoline j Wright 
.1320 0200 cylinder; compression ratio, 7*0; spark advance, 20° B.T.C. 
Inlet-alr temperature, 250° F; coollng-alr upetream temperature, 
125° F. (From unpublished NACA data. ) 
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Figure 10. - The effect of Internal cooling with anmonlum hydroxide 
on representative engine temperatures. Fuel, Army 100-octane 
aviation gasoline; Wright 1820 (x200 cylinder; compression ratio, 
7.0; spark advance, 20° B.T.C. ; Inlet-alr temperature, 250° F. 
(From unpublished NACA data.) 



NACA ARR No. E4HIS 



Fig. II 



O 



« 

3 
+» 
01 

u 
a> 
o< 
a 
« 




.08 .09 .10 
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Figure 11. - Effect of Internal cooling with water on representative 
engine temperatures. Fuel, AFD~2S (knock rating, isooctane plus 
1.06 milliliters of tetraethyl lead by CPR Ariatlon Method); 
Wright 1820 0200 cylinder; compresBlon ratio, 7.0; spark advance, 
20° B.T.C. ; inlet-air temperature, 250° P. (Prom fig. 5, refer- 
ence !•) 
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Llquld-alr ratio 

Figure 12. - Effect of internal cooling with a mixture of 70 percent 
tjy volume methyl alcohol and 30 percent by volxune water on rep- 
resentive engine temperatures. Fuel, Army 100-octane aviation 
gasoline; Wright 1820 (J200 cylinder; compression ratio, 7.0: spark 
advance. 20° B.T.C.; inlet-air temperature, 250° F; coollng-alr 
upstream temperature, 125° F. (From unpublished NACA data.) 
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Figure 13. - Effect of Internal cooling with a mixture of 80 per- 
cent by volume ethjri alcohol and 20 percent by volume water on 
representative engine temperatures. Fuel, Army 100-octane avia- 
tion gasoline; Wright 1820 Q200 cylinder; compression ratio, 7.0; 
spark advance, 20° B.T.C. ; Inlet-alr temperature, 250 P; cool^ 
ing-air upstream temperature, 125° (From unpublished NACA 
data. ) 
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